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Abstract: Forest gaps, openings in the canopy caused by death of one or 
more trees, have a profound effect on forest regeneration and drive the 
forest growth cycle. It is therefore necessary to understand the effects of 
forest gaps on regeneration for modem forest management. In order to 
provide a quantitative assessment of the effects of forest gaps on regen¬ 
eration of woody plants, we conducted this review of gap effects on 
woody plant regeneration on the basis of 527 observations from 42 indi¬ 
vidual papers, and reported the results of these data in a meta-analysis. 
Overall, densities of regenerated woody plants were significantly greater 
(359%) in forest gaps than on the closed-canopy forest floor. The regen¬ 
eration density in gaps of plantation forests was significantly greater (P < 
0.05) than that of natural forest because the regeneration in gaps of plan¬ 
tation forests was improved by both gap effects and experimental meas¬ 
ures. Similarly, in comparison to natural gaps, regeneration was better 
enhanced in artificial gaps. Regeneration density exhibited a significantly 
positive correlation with gap size, but a negative correlation with gap age 
because the gap size decreased with increasing gap age. Shade tolerance 
of woody plants affected regeneration density in gaps and understory. 
Average regeneration density of shade-tolerant species exhibited a sig¬ 
nificantly positive response to gaps but densities remained lower in total 
than those of intermediate and shade-intolerant species. Gap effects on 
regeneration decreased in response to increasing temperature and pre- 
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cipitation because of the limiting effects of lower temperature and mois¬ 
ture on woody plant regeneration. In summary, forest gaps enhance 
woody plant regeneration, and the effects of gaps varied by forest type, 
gap characteristics, environmental factors and plant traits. The results of 
this meta-analysis are useful for better understanding the effects and roles 
of gaps on forest regeneration and forest management. 

Keywords: forest gap, regeneration, disturbance, gap size, gap age, 
shade tolerance 

Introduction 

Forest gaps, also called treefall gaps, are the openings in the 
forest canopy caused by the death of one or more trees (Brokaw 
1982; Runkle 1982; Whitmore 1989). Gap disturbance, the basis 
of the “forest growth cycle” (Whitmore 1989) or “gap theory” 
(Yamamoto 1992), is a dominant form of small-scale disturbance. 
As forest managers gained understanding of forest development, 
silvicultural systems have changed from traditional cutting re¬ 
gimes oriented toward timber production to optimize harvest 
yields following natural forest succession (Long 2009; Wang and 
Liu 2011). For example, nature-based silviculture policy (Nuske 
et al. 2009) or close-to-nature forestry (Madsen and Hahn 2008) 
and continuous cover forestry policy (Mason 2003), and sus¬ 
tainable forestry development (Lu et al. 2002) all highlight the 
importance of gap disturbance. Thus, simulating gap disturbance 
or relying on gap disturbance has gradually become an important 
technology used in modem forest management (Schliemann and 
Bockheim 2011). Gap disturbance has emerged as a common 
theme in research on regeneration and succession in forests 
worldwide (Zhu et al. 2003; Leithead et al. 2012). 

Many studies have focused on the relationship between regen¬ 
eration of woody plants and forest gap formation. Gap fonnation 
changes stand structure by creating open space in the canopy that 
enable varying intensities of light to penetrate (Marthews et al. 
2008), depending on gap size, gap shape, height of trees sur¬ 
rounding the gap and topography. Incoming light influences 
micro-environmental factors (Galhidy et al. 2006; Muscolo et al. 
2007) such as soil moisture and nutrition (He et al. 2012), and 
ultimately affects tree regeneration (Lee et al. 2004). The effects 
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of gaps on tree regeneration vary widely, in response to global 
variation in forest characteristics. For example, Garbarino et al. 
(2012) claimed that tree species compositions in large gaps dif¬ 
fered from those in small gaps or in the understory in an 
old-growth Fagus-Abies-Picea forest. Nagel et al. (2010), in 
contrast, reported that structure and composition of tree regen¬ 
eration were similar in gaps and in the understory in an 
old-growth Fagus sylvatica-Abies alba forest. Elias and Dias 
(2009) concluded that nearly all species benefited from forest 
gaps and confirmed the positive effects of gaps on tree regenera¬ 
tion in Juniperus-Laurus forests. Arevalo and 
Femandez-Palacios (2007) reported that regeneration density in 
small gaps was similar to that below closed canopy, yet large 
gaps discouraged plant regeneration and showed lower density 
compared with closed-canopy understory. 

Forest gaps have been researched for more than six decades 
after the report of Watt (1947). Mechanisms of gap regeneration 
have been investigated in numerous studies (Clarke 2004; 
Mizunaga 2007; Ibanez and McCarthy-Neumann 2014), and the 
effects of forest gaps on tree regeneration are still disputed. The 
ambiguity and confusion in current individual studies of the ef¬ 
fects of forest gaps on tree regeneration might obstruct the un¬ 
derstanding and application of gap theory to simulate gap distur¬ 
bance in modern forest management practices. 

Meta-analysis has been widely used with success in dealing 
with ecological data (Paquette et al. 2006; Duguid and Ashton 
2013). The advantage of meta-analysis is its capacity for quanti¬ 
tative assessment that is lacking in traditional narrative or quali¬ 
tative reviews that often lack sampling rigor and robust statistical 
methods (Johnson and Curtis 2001). We know of no quantita¬ 
tively systematic analysis of the total body of reports on gap 
dynamics. We used meta-analysis to identify general patterns and 
to enhance understanding of the roles of forest gaps in woody 
plant regeneration at the global scale. We analyzed individual 
studies as components of a large body of literature to answer the 
following questions: (1) Compared with understory beneath 
closed canopies (hereafter “understory”), do forest gaps have a 
positive effect on woody plant regeneration? (2) Do regeneration 
results vary by forest type and by presence or absence of forest 
gaps? (3) Do the traits of woody plants themselves affect regen¬ 
eration in gaps? (4) How do environmental conditions influence 
the effects of forest gaps? 

Methods 

Data collection 

We reviewed literature using two electronic databases: “Web of 
Science” and “Google Scholar”. Forest gap, canopy gap, treefall 
gap, gap dynamics, regenerate, regeneration, recruit, and re¬ 
cruitment were used as keywords in the search processes. There 
were many relevant papers, but we only reviewed studies that 
evaluated a paired sample (gap vs. understory) in our analysis. 
Many studies were excluded because they lacked pretreatment or 
control plot (understory) data. Moreover, only final values were 
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extracted when studies reported repetition of sampling over time. 
In total, we used 42 individual publications (Table 
S1—Electronic supplementary material) that reported 527 ob¬ 
servations from 1996 to 2014 to build our database. Twenty-one 
variables were quantified in relation to gap and understory re¬ 
generation (Table S2—Electronic supplementary material). 

For each study, regeneration density of paired samples (gap vs. 
understory) was extracted from tables or texts directly, or from 
figures in original papers by the data thief software GetData 
Graph Digitizer 2.24 (http://getdata-graph-digitizer.com). Units 
of regeneration density were standardized as stems m' 2 although 
the original papers reported stems per ha, stems per 100 m 2 , or 
stems per m 2 . Infonnation on forest types, gap characteristics, 
and regenerated woody plant species were also collected in as 
much detail as possible. Forest types were classified by their 
formation (natural vs. plantation), and by the composition of tree 
species (coniferous, coniferous-broadleaved mixed, and broad¬ 
leaved) (Table 1). Functional types of regenerated woody plants 
were identified by shade tolerance (tolerant, intennediate, and 
intolerant), leaf morphological traits (evergreen coniferous, ev¬ 
ergreen broadleaved, and deciduous broadleaved) and growing 
stages (seedling vs. sapling), respectively (Table 1). Gaps were 
grouped by their fonnation (natural vs. artificial), gap definition 
(canopy gap vs. expanded gap) (The definitions canopy gap and 
expanded gap were defined in Table 1 as footnotes), and gap 
characteristics (gap size and gap age) (Table 1), wherein the 
upper limit of gap size was set as 1000 m 2 as recommended by 
Yamamoto (1992) and Schliemann and Bockheim (2011). 

We detennined the shade tolerance of more than 150 regener¬ 
ating woody plant species by referring to the web site Ecological 
Society of America (http://www.esapubs.org/), and Google 
(http://scholar.google.com/). We compiled environmental data 
(Table 1), including mean annual temperature (MAT) and mean 
annual precipitation (MAP) from Surface meteorology and Solar 
Energy, a renewable energy resource web site 
(https://eosweb.larc.nasa.gov/) sponsored by NASA, USA. In ad¬ 
dition, the geographic coordinates of each study were collected to 
produce a figure showing their geographic distribution (Fig. 1). 



Fig. 1 : Distribution of the study sites (created in R 3.0.2). Note: red 
points represent the locations of studies included in this study. 

Meta-analysis 

The aim of this study was to detennine the mean effects of gaps 
on woody plant regeneration, similar to many other 
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meta-analyses, the response ratio ( R ) was employed as the effect 
size estimator to represent the magnitude of the gap mean rela¬ 
tive to the control (understory) mean (Equation 1). 

R=X e IX c (1) 

where X E and X c are the mean values (regeneration density) in 
the experiment (gap) and control (understory) groups, respec¬ 
tively (Hedges et al. 1999). 

To improve statistical behavior, we used the natural log of the 
response ratio ( R ) to define the effect size estimator (Hedges et al. 
1999) (Equation 2). 

L(R) — in (R) = in (X E ) - in (X c ) (2) 

Some studies included zero values, i.e. no regeneration, which 
could not be used in computation of Equation 2. Therefore, we 
substituted zero values with 0.00009 to indicate regeneration 
density of less than 1 seedling or sapling per ha. This substitution 
did not affect the assumption of normality in data processing and 
conformed to the results of original papers as closely as possible. 

Although a robust meta-analysis is preferable when studies 
report means, standard deviations (standard errors or confidence 
intervals), and the number of replicates for the experiment and 


control groups (Gurevitch and Hedges 1999), many studies re¬ 
viewed for this analysis did not report such information. To 
compensate for the lack of summary statistics in some reports, 
we applied unweighted meta-analysis so that we could include as 
many studies as possible in our database (Johnson and Curtis 
2001). To determine whether gaps had a significant effect on a 
categorical variable, we employed a randomized-effects model 
using MetaWin 2.1 (Rosenberg et al. 2000). The procedure is 
analogous to analysis of variance (ANOVA), in which the total 
heterogeneity (Q T ) of a group comparison is partitioned into 
within-group heterogeneity (Quj and between-group heterogene¬ 
ity ( Q b ) (Lin et al. 2010). We also applied a continuous model 
meta-analysis (Bai et al. 2013) to test whether L(R) was related 
to continuous variables such as gap size, gap age, mean annual 
temperature and mean annual precipitation. Similar to its use in a 
categorical data model, total heterogeneity ( Q T ) can be parti¬ 
tioned into regression model heterogeneity (Qm) and residual 
error heterogeneity ( Q E ). Confidence intervals (CIs) for the effect 
size were generated using the bootstrap procedure. If the 95% 
CIs for different groups did not overlap, the effects of gaps were 
considered to differ significantly. Where the 95% CIs did not 
overlap zero, the mean effects were considered significant (Lin et 
al. 2010). 


Table 1: Regeneration differences between gaps and understory in responses to different variables. 


Variables 

Qb’ 

ft./ 8 

R-value 

Forest types 

Natural, plantation forests 

31.75 


0.000 


Coniferous, coniferous-broadleaved mixed, broadleaved forests 

9.49 


0.009 

Gap characteristics 

Natural, artificial gaps 

47.70 


0.000 


Canopy a , expanded b gaps 

7.28 


0.007 


Size (m 2 ) 


6.98 

0.008 


Age (year) 


11.69 

0.001 

Functional traits 

Shade tolerant, intermediate, intolerant plants 

35.87 


0.000 


Evergreen coniferous, evergreen broadleaved, deciduous broadleaved plants c 

9.70 


0.008 


Seedlings, saplings 

0.03 


0.862 

Environmental factors 

MAT d (’C) 


7.16 

0.007 


MAP e (mm) 


19.95 

0.000 


Notes: a: the land surface area directly under the canopy opening (Runkle 1982); b: canopy gap plus the adjacent area extending to the bases of canopy trees sur¬ 
rounding the canopy gap (Runkle 1982); c: no deciduous coniferous species data available; d: mean annual temperature; e: mean annual precipitation; f: be¬ 
tween-group heterogeneity for categorical variables, statistical differences were considered as significant when p < 0.05; g: regression model for continuous vari¬ 
ables, relationship was considered as significant when p < 0.05. 


Results 

Gaps significantly increased the regeneration density of woody 
plants by 359% (with a 95% Cl of 262-484%; Fig. 2) across all 
the studies included in our database. 

Gap regeneration and forest types 

Both natural and plantation forests showed significant increases 
in regeneration density with gap treatment. The enhancement of 


regeneration density with gap treatment in plantation forests 
(+1488%, 95% Cl: 838-2587%; Fig. 2) was significantly higher 
{Qb = 31.75, p <0.05; Table 1) than that in natural forests 
(+179%, 95% Cl: 104-280%; Fig. 2). When forests were divided 
by composition of tree species, the positive responses of conif¬ 
erous-broadleaved mixed forests (+718%, 95% Cl: 417-1196%; 
Fig. 2) were significantly higher ( Q B = 9.49, p <0.05; Table 1) 
than those of broadleaved forests (+232%, 95% CL 134-371%, 
Fig. 2). No significant differences were detected, however, be¬ 
tween coniferous forests (+350%, 95% Cl: 176-633%; Fig. 2) 
and coniferous-broadleaved mixed, or between coniferous forests 
and broadleaved forests (Fig. 2). 
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All 

Natural forests 

Plantation forests 

Coniferous 
forests 

Mixed forests 

Broadleaved 
forests 

Natural gaps 
Artificial gaps 
Canopy gaps 
Expanded gaps 

0 200 400 600 800 1000 1200 1400 2300 2400 2500 2600 

Effect size 

Fig. 2: Responses of regeneration density to gaps as a percent change relative to control or understory (%) for forest types and gap types. Values are 
means ± 95% CL Numbers of observations are shown in parenthesis. 

significantly enhanced the regeneration of woody plants. But the 
increase from canopy gaps was significantly greater ( Q B = 7.28, 
Gap regeneration and gap characteristics p <0.05; Table 1) than that from expanded gaps. The continuous 

randomized-effects model meta-analysis showed a significantly 
The effect size of artificial gaps on regeneration (+840%, 95% positive correlation between L(R) and gap size (r = 0.114, p 

Cl: 590-1181%; Fig. 2) was significantly greater ( Q B = 47.70, P <0.05; Fig. 3a, Table 1). By contrast, increased gap age had a 

< 0.05; Table 1) than that of natural gaps (+81%, 95% Cl: significantly negative correlation with L(R) (r = -0.257, p <0.05; 

27-158%; Fig. 2). Both canopy gaps (+428, 95% Cl: 307-586%; Fig. 3b, Table 1). 

Fig. 2) and expanded gaps (+109, 95% Cl: 11-293%; Fig. 2) 




0 100 200 300 400 500 600 700 800 900 1000 

Gap size (m 2 ) 



0 5 10 15 20 25 30 35 40 45 

Gap age (a) 


Fig. 3: The effects of gap size (numbers of observations = 527) and gap age (numbers of observations = 168) on woody plant regeneration. Ln(R) = 0 
means no differences in plant regeneration density between gaps and understory. Regression lines, Pearson correlations (r), and significance level (P) are 
indicated on the figure. 

dependence upon some functional traits of regenerated woody 
Gap regeneration and plant functional types plants. Gaps significantly increased the regeneration of all func¬ 

tional types of woody plants (Fig. 4, Table 1). The regeneration 
The effects of gaps on woody plant regeneration showed a strong increments ranked as intolerant species (+2475%, 95% Cl: 
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1106-5530%; Fig. 4) > intermediate species (+622%, 95% Cl: 
365-1023%; Fig. 4) > tolerant species (+124%, 95% Cl: 
48-241%; Fig. 4). Regeneration densities differed by degree of 
shade tolerance ( Q B = 35.87 ,p <0.05; Table 1). The regeneration 
density of deciduous broadleaved species in gaps significantly 
increased by 636% with a 95% Cl of 415-944% (Fig. 4), which 
was higher ( Q B = 9.70, p <0.05; Table 1) than that of evergreen 
coniferous (+277%, 95% Cl: 153-491%; Fig. 4) and evergreen 
broadleaved species (+204%, 95% Cl: 89-416%; Fig. 4). Gap 
effect on regeneration was significant for both seedlings and 
saplings, but the effect did not differ by age class ( Q B = 0.03, P = 
0.86; Table 1) between seedlings (+354%, 95% Cl: 210-564%; 
Fig. 4) and saplings (+381%, 95% Cl: 182-719%; Fig.4). 



Fig. 4: Responses of regeneration density to gaps as a percent change 
relative to control or understory (%) for plant functional types. Values are 
means ± 95% Cl. Numbers of observations are shown in parenthesis. 


Environmental factors 

We took mean annual temperature and mean annual precipitation 
factors into account, and found that L(R) decreased as the tem¬ 
perature increased (r = -0.116, p <0.05; Fig. 5a, Table 1). A simi¬ 
lar trend was found in precipitation (r = -0.191 ,p <0.05; Fig. 5b, 
Table 1). 

Discussion 

Overall effects of gap on woody plant regeneration 

Studies, including many not entered into our database because of 
lack of data for paired samples (gap vs. understory), have dem¬ 
onstrated that gap disturbances increase densities of regenerating 
woody plant in various forest types (Kuuluvainen and Juntunen 
1998; Hutchinson et al. 2012; Mallik et al. 2014). This was con¬ 
firmed by our meta-analysis of natural forests and plantation 
forests and held true for coniferous, broadleaved and mixed for¬ 
est types under a variety of climatic conditions and various gap 
categories (Table 1, Fig. 2, 3). The effects of gaps were greater 
for shade-intolerant woody plants but the publications we re¬ 
viewed reported that these effects were significantly positive for 


tolerant woody plants as well (Fig. 2). On average, gaps caused a 
359% increase in regeneration density (Fig. 2) from all included 
studies although around 30% observations reported negative 
responses (Table 2). The positive effects of gaps on regeneration 
varied according to forest types, gap characteristics, plant func¬ 
tional traits, and environmental factors. All categorical variables 
exhibited significantly positive responses on average, although 
some showed negative responses or no difference between gap 
and understory. 

Effects of gap on woody plant regeneration in response to forest 
types 

The effect size of gaps on regeneration in plantation forests were 
8.3 times greater than in natural forests (Fig. 1); and >90% of 
observations in gaps of plantation forests were positive responses 
to regeneration, compared to 63% in gaps of natural forests (Ta¬ 
ble 2). These results suggested that effects of gaps on regenera¬ 
tion were strongly dependent on whether they were natural for¬ 
ests or plantation forests. The more pronounced effects of gaps in 
plantation forests can be attributed to three factors: (1) most gaps 
(90%) in plantation forests were formed artificially; (2) regen¬ 
eration in gaps of plantation forests was improved by experi¬ 
mental treatments; and (3) 93% of the regeneration data were 
compiled from only three studies (Dobrowolska 2006; Wang and 
Liu 2011; Zhang et al. 2013) (Table S2). The less pronounced 
effect of gaps on regeneration in natural forests was likely be¬ 
cause most woody plants were shade-tolerant species (78% of 
identified woody plants) whose regeneration was not affected by 
increased direct sunlight penetration in the early gap stage 
(Webster and Lorimer 2005; Fahey and Lorimer 2013). This 
result was confirmed by our meta-analysis: 37% of the observa¬ 
tions exhibited negative (34.5%) or no (2.5%) response to the 
effects of gaps on regeneration (Table 2). In broadleaved forests, 
the positive impacts of gaps on regeneration were less pro¬ 
nounced because plantations and natural forests were not equally 
represented in field sampling (81% of studies examined natural 
forests and 19% plantations) (Table S2). In coniferous forests 
and coniferous-broadleaved mixed forests, the positive impacts 
of gaps on regeneration were similar but did vary depending on 
the proportions of observations in plantation forests versus natu¬ 
ral forests (Fig. 2, Table S2). The greater effect of gaps on 
woody plant regeneration in plantation forests than in natural 
forests was consistent with our expectation, which was based on 
the intensive management regimes typical of plantations (Table 
S2). 

Effects of gaps on woody plant regeneration by gap characteris¬ 
tics 

The mean effect of artificial gaps on regeneration was 10.4 times 
greater than for natural gaps (Fig. 1). Nearly 80% of observations 
for artificial gaps described positive responses to regeneration, 
but only 60% of observations were positive for natural gaps (Ta¬ 
ble 2). This discrepancy demonstrated that gaps fonned artifi¬ 
cially were more conducive to regeneration of woody plants. 
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This can be explained by one or more of three factors: 1) Natural 
and artificial gaps created different microsite conditions for 
woody plant regeneration. Natural gaps (upper gap size <1000 
m 2 ) are usually created by windthrow or snow and cause crown 
damage, stem breaking or uprooting (Zhu et al. 2006). These gap 
makers remain on the ground in the gap where they can nega¬ 
tively affect the regeneration of woody plants (Clinton and Baker 
2000). In contrast, artificial gaps are made by cutting target trees 
and leaving stumps in the ground. This causes minor soil distur¬ 
bance such as trampling, and the resulting microsite conditions 
might be favorable to woody plant regeneration; 2) Removal of 
competing vegetation from artificial gaps might benefit woody 
plant regeneration. Liana infestation, for example, is an obstacle 
factor to woody plant regeneration (Toledo-Aceves and Swaine 
2007) that is often removed during and following the creation of 
gaps (Schnitzer et al. 2004). Thus, liana densities are typically 
lower in artificial gaps and regenerating tree species are higher 
(Felton et al. 2006). Other soil preparations such as weeding after 
gap fonnation may also increase the regeneration of woody 
plants; 3) Differences in gap distribution patterns lead to varia¬ 
tion in gap effects on regeneration between natural and artificial 
gaps. The distribution of natural gaps is more complicated than 

Table 2: Effects of gap on regeneration in response to different variables. 


for artificial gaps because topography greatly influences natural 
gap formation (de Lima and de Moura 2008). For example, trees 
growing on ridges and slopes are more liable to be gap makers 
than are trees growing on flatter ground (Almquist et al. 2002). 
The spatial distribution of natural gaps is random, whereas an¬ 
thropogenic gaps are spatially clumped (Garbarino et al. 2012). 
Artificial gaps are often created in sample plots with good envi¬ 
ronmental conditions rather than at randomly selected sites in a 
largely unmanaged forest. Runkle (1982) classified forest gaps as 
either canopy gaps or expanded gaps. We found that the mean 
effect of canopy gaps was 3.93 times greater than for expanded 
gaps. Yet the positive response of regeneration in canopy gaps 
was similar to that for expanded gaps (71% versus 65%) (Table 
2). The relatively greater regeneration density in canopy gaps 
might be induced by the higher proportion of shade-intolerant 
woody plants growing in canopy gaps (15%) than in expanded 
gaps (4%) (Table S2). The shade-intolerant species benefitted 
more from the increased light availability that resulted from gap 
formation and regenerated at greater densities. The number of 
observations in canopy gaps (448) was greater than in expanded 
gaps (79) and this might have led to the difference in mean effect 
size between canopy and expanded gaps. 


Number of observations Percentage 


vanaDies 

Positive 

zero 

Negative 

Total 

Positive 

zero 

Negative 

Natural forest 

203 

8 

112 

323 

62.85 

2.48 

34.67 

Plantation forest 

104 

0 

10 

114 

91.23 

0.00 

8.77 

Forest types Coniferous forest 

97 

0 

33 

130 

74.62 

0.00 

25.38 

Coniferous-broadleaved mixed forest 

112 

2 

32 

146 

76.71 

1.37 

21.92 

Broadleaved forest 

162 

7 

82 

251 

64.54 

2.79 

32.67 

Natural gap 

136 

4 

89 

229 

59.39 

1.75 

38.86 

Artificial gap 

235 

5 

58 

298 

78.86 

1.68 

19.46 

Canopy gap 

320 

6 

122 

448 

71.43 

1.34 

27.23 

Gap characteristics 








Expanded gap 

51 

3 

25 

79 

64.56 

3.80 

31.65 

Size (m 2 ) 

371 

9 

147 

527 

70.40 

1.71 

27.89 

Age (year) 

115 

1 

52 

168 

68.45 

0.60 

30.95 

Shade tolerant 

101 

1 

57 

159 

63.52 

0.63 

35.85 

Intermediate 

112 

5 

29 

146 

76.71 

3.42 

19.86 

Shade intolerant 

44 

0 

3 

47 

93.62 

0.00 

6.38 

Evergreen coniferous 

Functional traits 

77 

2 

31 

110 

70.00 

1.82 

28.18 

Evergreen broadleaved 

63 

1 

49 

113 

55.75 

0.88 

43.36 

Deciduous broadleaved 

190 

5 

43 

238 

79.83 

2.10 

18.07 

Seedlings 

168 

4 

69 

241 

69.71 

1.66 

28.63 

Saplings 

82 

5 

37 

124 

66.13 

4.03 

29.84 

MAT (°C) 

371 

9 

147 

527 

70.40 

1.71 

27.89 

Environmental factors 








MAP (mm) 

371 

9 

147 

527 

70.40 

1.71 

27.89 


Differences in gap size and in transition zone from understory 
to gap between canopy gap and expanded gap might also par¬ 
tially explain differences in regeneration densities. In the transi¬ 
tion area, gap edges combine the traits of canopy gap and under¬ 
story. They have greater light intensity (Brown 1996; Page and 
Cameron 2006) and larger growing area, i.e., the two main fac¬ 
tors for seedling and sapling survival. All woody species appear 
Springer 


to benefit in the transition area and can grow at higher densities 
than in the understory or even in the canopy gap. The edges of 
large gaps can positively influence plant regeneration, but nega¬ 
tive influence may be found for small gap edges (York et al. 
2003; Fahey and Puettmann 2008). Our analysis did not reflect 
this potential discrepancy, possibly because of the greater num¬ 
ber of small gaps than large gaps in this study (Table S2). 
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Gap size is widely known as the most important gap charac¬ 
teristic influencing plant regeneration (Webster and Lorimer 
2005; Holladay et al. 2006). However, the relationship between 
gap size and woody plant regeneration is interpreted differently 
by different researchers (Fajardo and de Graaf 2004; Arevalo and 
Femandez-Palacios 2007). Our meta-analysis showed a signifi¬ 
cant and increasing trend (r = 0.114, p <0.05), i.e., the effect size 
increased with increasing gap size (Fig. 3a), although there were 
28% and 2% observations exhibited negative or no response to 
the effects of gap size on regeneration density (Table 2). Gaps of 
<550 m 2 accounted for 93%, and gaps of <250 m 2 for 64% of the 
data set compiled for this meta-analysis: the relatively small gap 
sizes might have obscured the effect of gap size on regeneration. 
The magnitude of effects [L(R)] fluctuated widely. Nearly 68% 
of observations in gaps <250 m 2 documented increased regenera¬ 
tion densities but L(R) varied from -8.078 to 7.923 (Table S2). 
Huth and Wagner (2006) claimed that regeneration of woody 
plants in large gaps was inhibited by competition from herbs. 
Kern et al. (2012) reported that intermediate gap size, which 
avoided two extreme canopy conditions (large gaps and closed 
canopy) and provided moderate microclimate and resources, was 
more appropriate for regeneration and growth of tree species. 
Indeed, the effect of intermediate gap size on regeneration was 
documented in seed banks of gaps (Yan et al. 2010). Thus, the 
effect of gap size on regeneration may follow the “neutral the¬ 
ory”, i.e., there exists an optimum range of gap size that pro¬ 
motes the regeneration of woody plants. Further studies are 
needed to detect the optimum range. 

Gap age is another important characteristic for explaining 
woody plant regeneration (Burnham and Lee 2010) but accu¬ 
rately estimating gap age is difficult using existing methods 
(Richards and Hart 2011). Most observations we compiled did 
not present gap ages, with only 32% reporting age infonnation 
(Table S2). Our meta-analysis showed a decreasing trend in 
magnitude of gap effect (r = -0.257, p <0.05; Fig. 3b) as gap age 
increased. Any differences in regeneration densities between gap 
and understory disappeared at gap age of about 25 years. This is 
because gap size declines with increasing age due to refilling of 
gaps by surrounding trees and regeneration within gaps. 
Twenty-five years is long enough for most trees to grow to 
heights where they can create shade similar to that of the over¬ 
story even without reaching canopy tree height (Richards and 
Hart 2011). We found that gaps aged >30 years exhibited regen¬ 
eration as low as to be regarded as regeneration failure. Seed 
source shortage or repeated negative disturbance may account for 
this phenomenon. 

Effects of gaps on woody plant regeneration by plant functional 
type 

Shade tolerance of woody plants is one of the focuses of gap 
regeneration research (Denslow 1980; Gravel et al. 2010). Many 
studies addressed the relationship between shade tolerance and 
gap size, but the reported results remain controversial (Kern et al. 
2012). According to the Gap Partitioning Hypothesis (Denslow 
1980), shade-intolerant species perform best in large gaps, but 


small gaps and intact forest provide better habitat for 
shade-tolerant species. However, the definitions of “large” 
and ’’small” are so ambiguous among researches that it is diffi¬ 
cult to delimit a range for gap size without overlapping woody 
plants of differing shade tolerance. We compared the regenera¬ 
tion of different shade-tolerance species in forest gaps and un¬ 
derstory without considering gap size. On average, the density of 
shade-intolerant species in gaps was 24.75 times higher than that 
in understory (Fig. 4). This exceeded our expectation although 
the positive trend is consistent with most individual studies (94% 
of observations of intolerant species exhibited positive responses; 
Table 2) (Dickinson et al. 2000). Shade-tolerant species exhib¬ 
ited a positive effect (+124%, 95% Cl: 48-241%) on average 
even though 36% of observations of tolerant species showed 
negative responses (Table 2). This positive response of tolerant 
species seemed to be different from some traditional opinions 
following the Gap Partitioning Hypothesis (Holladay et al. 2006). 
Although higher light intensity after gap formation might nega¬ 
tively influence the survival and growth of shade-tolerant woody 
plants, sufficient growing space seemed to offset, or even out¬ 
weighed this disadvantage. Shade tolerant species probably make 
a trade-off among various factors for better survival (Poorter 
2009). 

Leaf morphology reflects some differences in physiological 
features of woody plants, and influences woody plant regenera¬ 
tion (Kamiyama et al. 2010). The effect of gaps on regeneration 
of deciduous broadleaved species was 2.30 and 3.12 times more 
than on evergreen coniferous and evergreen broadleaved species, 
respectively (Fig. 1). But the difference between evergreen co¬ 
niferous and evergreen broadleaved species was not significant 
(Fig. 1). The more pronounced effect of deciduous woody plants 
may be partially due to shade tolerance of regenerated species. 
Deciduous species are usually shade-intolerant or intermediate 
(accounting for 75% of the compiled observations), and they 
regenerated aggressively in gaps. In contrast, shade-tolerant spe¬ 
cies accounted for a larger proportion of conifers (81%), and 
regenerated at lower densities in gaps (Sakai and Ohsawa 1993). 
Although the percentage of shade-intolerant species in our 
meta-analysis was similar between deciduous and evergreen 
species (13% versus 11%), the percentage of shade-tolerant spe¬ 
cies among deciduous species (25%) was far lower than among 
evergreen species (69%) (Table S2). This might also have led to 
higher regeneration density for deciduous species. In addition, 
regeneration of some evergreen species was less dependent on 
gaps. 

No significant difference of gap effects on regeneration was 
found in responses to seedlings and saplings. This might have 
resulted from the typically short study durations that masked 
difference between survival of seedlings and saplings. In addi¬ 
tion, classification criteria for seedling versus sapling varied by 
various studies (Dobrowolska 2006; Bolton and D'Amato 2011). 
Standardized definition of seedlings and saplings and long-tenn 
monitoring in future would contribute to better understanding of 
the effects of gaps on regeneration of seedlings and saplings. 
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Dependence of gap regeneration on ambient temperature and 
precipitation 

With increasing MAT and MAP, the magnitude of gap effect 
Ln(R) declined (Fig. 5a, b). The significant positive correlation (r 
= 0.520, p <0.05; Fig. 6) between MAT and MAP implied that 
heat and moisture varied synchronously. Generally, temperature 
and precipitation or heat and moisture conditions detennine the 
distribution and growth of woody plants (Schliemann and 
Bockheim 2011). When temperature and precipitation are low, 
i.e., heat and moisture are limiting factors for woody plant re¬ 
generation, gaps promote woody plant regeneration because gaps 



can improve the water and thermal enviromnents by opening the 
canopy and relieving the impacts of canopy closure on decreas¬ 
ing the availability of heat and moisture. The difference in re¬ 
generation density between gaps and understory was greater 
when temperature and precipitation were lower. In contrast, as 
temperature and precipitation increased, i.e., the limiting effects 
of heat and moisture resources declined, the conducive effect of 
gaps on woody plant regeneration also declined, eventually 
leading to reduced response to regeneration. The decreasing 
trend of the gap effect on woody plant regeneration along MAT 
and MAP gradients suggests that positive responses of woody 
plants to gap regeneration decline or disappear in areas where 
reproduction of woody species is not limited by temperature and 
precipitation. 



Fig. 5: The effects of environmental factors (mean annual temperature and mean annual precipitation, numbers of observations = 527) on woody plant 
regeneration. Ln(R) = 0 means no difference in regeneration density between gaps and understory. Regression lines, Pearson correlations (r), and signifi¬ 
cance level (P) are indicated on the figure. 



Mean annual temperature (°C) 

Fig. 6: Relationship between mean annual temperature and mean annual 
precipitation of all studies (47 locations from 42 publications) included in 
the current meta-analysis. Regression line, Pearson correlation (/'), and 
significance level (P) are indicated on the figure. 
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Conclusions and implications 

Even though many studies evaluated the effects of forest gaps on 
regeneration from almost all aspects (Kuuluvainen and Juntunen 
1998; van der Meer et al. 1998; Drobyshev 1999; Schulze 2008; 
Lara-Gonzalez et al. 2009; Fahey and Lorimer 2013; Lawson and 
Michler 2014), this meta-analysis provided quantitative evidence 
to confirm the large effect of gaps on increasing regeneration by 
woody species, i.e., gaps increased woody plant regeneration by 
an average of 359%. The magnitudes of positive effects of gaps 
on woody plant regeneration are determined by forest types, gap 
characteristics, plant functional traits and site conditions. Gaps in 
plantation forests exhibited the most pronounced effect on 
woody plant regeneration. Artificial gaps also showed greater 
advantage over other gap types due to human disturbances. The 
significantly higher positive regeneration responses in gaps of 
plantation forests or in artificial gaps revealed in this study (Fig. 
2) could support the suggestion that gap disturbance is a key 
metric for forest management (Mason and Zhu 2014). Regenera- 
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tion density decreased with both gap size and gap age because 
gap size decreased with increasing gap age. Furthermore, shade 
tolerance weighted more in accounting for regeneration differ¬ 
ences between forest gaps and understory compared with other 
plant functions such as leaf morphological traits or growth stage. 
Shade-tolerant woody plants also benefit from forest gaps, al¬ 
though the effects are less pronounced than for shade-intolerant 
species. The declining trend of gap effect on woody plant regen¬ 
eration along MAT and MAP gradients might imply that gap 
regeneration is more effective in lower temperature and precipi¬ 
tation conditions. 
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